Variations in concentrations of dissolved free amino acids (DFA4) were investigated during a phytoplankton bloom in the northern North Sea (Fladen Ground Area). Carbon to nitrogen ratios ( U N ) were calculated from the distribution patterns of the individual amino acids and related to biological and chemical developments. The ratio shifted from winter conditions of about 2.9 to values of more than 3.6 during the steady state phase and showed significant correlations only with the distribution of diatoms, mainly Chaetoceros species in the euphotic zone. Here phytoflagellates as well as zooplankton showed positive correlations with ornithine and lysine (zooplankton also with aspartic acid). Peridineans were negatively correlated with threonine. During the early exponential diatom growth phase a DFAA maximum occurred with a C/N ratio of 3.16 in the water column above the thermocline, while below there was a maximum with a ratio of 3.71 in the late exponential phase. With the help of similar results from an enclosed diatom culture of Thalassiosira rotula an attempt was made to relate the temporal and spatial C/N distribut~ons to the physiological state of the diatoms.
INTRODUCTION
In seawater the major fraction of organic matter is the so-called dissolved organic carbon (DOC), showing a typical concentration range from 0.5 to 2.0 mg C d n~-~ (Williams 1975 , Machnnon 1981 . Phytoplankton is the main source of DOC, which is released via exudation from living organisms or during decomposition processes on dead material (Williams 1975 , Fogg 1977 , Bada & Lee 1977 , Wangersky 1978 . In marine ecosystems the different compounds of the wide DOC spectrum may perform various functions in, for example, heterotrophic nutrition, metal complexation and growth control. However, in trylng to understand the relations between these substances and the plankton community it is necessary to investigate the fate of single bioactive compounds at their natural concentration levels, which generally lie several orders of magnitude below those of bulk parameters Like DOC (Dawson & Duursma 1981) .
The nature and interactions of nitrogen-containing compounds in DOC are complicated and, up to now, only partly understood. Though dissolved free amino acids (DFAA) comprise a small fraction of DOC, these O Inter-Research/Printed in F. R. Germany substances are subject to high f l u e s with turnover times in the range of 1 to 100 h (Crawford et al. 1974 , Hollibaugh 1980 . In marine environments DFAA concentrations are mostly in a well-balanced steady state between the various release and uptake processes. Biological events, such as phytoplankton blooms, can disturb the steady state over a short time period. The resulting shifts in concentration and distribution patterns of the individual substances may then reflect bioloqcal interactions.
There is a confusing amount of data concerning changes in DFAA during biological events. The spectrum of results is widely extended from no interrelations with phytoplankton (Macko et al. 1982 , Williams & Poulet 1986 ) to accumulations of single amino acids at density gradient boundaries (Liebezeit et al. 1980 , Poulet et al. 1984 and die1 variations in distribution patterns (Mopper & Lindroth 1982) . More or less fixed patterns of DFAA during phytoplankton development were reported by Laanbroek et al. (1985) . Significant correlations of individual DFAA with the physiological state of the algae were reported for an enclosed diatom bloom ). Benthic diatom species were shown in vitro to take up DFAA in a nitrate-poor medium (Admiraal et al. 1984) . Depletion of nitrogen and carbon increased uptake of DFAA (Wheeler et al. 1974 , Flynn & Syrett 1985 . Phytoplankton contains 1 to 3 O/ O nitrogen (dry weight), mainly fixed in intracellular DFAA pools (15 to 20 ' /o) and protein (70 to 90 %). During nltrogen limitation the nitrogen proporbon decreases to 1 % and the major proportion of carbon is assimilated into carbohydrates and lipids rather than into proteins. During this process the carbon to nitrogen ratio of phytoplankton shfts from 5 to 10 (Moms 1981 , Wheeler 1983 .
In the light of the importance of the nitrogen cycle for marine ecosystems we tried to simplify the complex scenario of individual amino acids by calculating the carbon to nitrogen ratio from these compounds. It is the purpose of the present paper to elaborate some general phenomena from the individual amino acid patterns occumng during phytoplankton blooms. Two different systems were investigated: (a) a classical type of spring phytoplankton bloom dominated by Chaetoceros species in the northern North Sea (Fladen Ground Experiment) ); (b) a bloom of a Thalassiosira rotula monoculture w h c h was enclosed in large flexible plastic bags in the German Bight (Helgoland Harbour) (Hammer & Eberlein 1981 ). This simplified system excluded a good part of biological and physical interactions, and reduced stress factors which were known to interfere with laboratory scale experiments (Wilhams 1981).
MATERIALS AND METHODS

Natural ecosystems. During the Fladen Ground
Experiment 1976 (FLEX) in the Northern North Sea at a fixed station (58" 55'N, 0'32' E) a detailed data set from the spring phytoplankton bloom was obtained. On the , 10, 20, 30, 40, 50, 60, 70, 80, 100 and 145 m depth. Mean values were computed for the water column above (mixed layer) and below (lower layer) the thermocline depths. The thermocline was defined as the maximum temperature gradient and based on the data from Soetje & Huber (1980) . Sampling profiles and conditions are listed in Table l a . Samples were divided for phytoplankton and chemical investigations. An aliquot was passed through glass fibre filters (Whatman GF/C) and split for nutrient and amino acid analysis. Inorganic nutrients (ammonium and nitrate+nitrite) were measured immediately with an autoanalyser . Dissolved free amino acid (DFAA) samples were fixed by addition of 3 m1 of 3.5 O/ O HgC12 solution per litre and kept at 4 "C untd analysis by cation exchange chromatography (Hammer & Eberlein 1981) . This method avoids any pre-concentration procedures, which are known not to be reproducible. The detection limit lay in the picomole range with a standard deviation of k 9 %. Sample preparation, amino acid analysis and development during the experiments were described by Hammer & Eberlein (1981) . Parbculate material on the glass fibre filters was deep frozen and dried at 50°C before analysis of nitrogen with a CHN analyser.
Enclosure experiments. Monoculture experiments with the diatom Thalassiosira rotula were camed out in June-July 1973 in large plastic enclosures (3 to 4 m3) in the German Bight (Helgoland harbour). Samples were taken at 2 h intervals. Experimental conditions (Table l b ) were published by Brockmann et al. (1977) .
From the amino acid data sets atomic carbon to nitrogen ( U N ) ratios were calculated considering the distribution of the following 18 individual amino acids: alanine (ala), p-alanlne (p-ala), arginine (arg), aspartic acid (asp), glutamic acid (glu), glycine (gly), histidme (h), leucine (leu), isoleuclne (ile), lysine (lys), hydroxy-lysine (hy-lys), methionine (met), ornithine (orn), phenylalanine (phe), serine (ser), threonine (thr), tyrosine (tyr) and v&ne (val). For Table 4 the same amino acids were used for calculating the C/N ratio of DFAA concentrations found in the literature unless otherwise noted.
The plankton data set was kindly provided by M. Gdlbricht. The samples were bottled directly after sampling and preserved with Lug01 solution. The number of individuals was transformed into pg C dm-" (Gassmann & Gillbricht 1982) .
RESULTS AND DISCUSSION
During the Fladen Ground Experiment 1976 (FLEX) the classical type of spring phytoplankton bloom could be investigated. The biological and chemical situation Phytoplankton carbon (data from M. Gillbricht). (d) Total dissolved free amino acid nitrogen. (e) Carbon to nitrogen ratio of total dissolved free amino acids is characterized in Fig. 1 . With the formation of the thermocline around April 20 (Fig, l a ) phytoplankton growth started. Subsequently the thermocline stabilized at about 50 m depth and in the water colun~n abovethe so-called muted layerthe phytoplankton reached a maximum about 10 d later at the beginning of May (Fig. lc) . At the same time inorganic nit-rate+nitrite was transformed into organic bound particulate nitrogen ( Fig. l a , b ) nearly quantitatively (Eberlein et al. 1980) . During that time numbers of heterotrophic bacteria were at a relatively low level of about 2 colony forming units (CFU) per m1 (Hentzschel 1980) . From May 5 particulate material was reduced again to very low levels probably due to sedimentation , Davies & Payne 1984 and grazing (Krause & Trahms 1983) .
The observed phenomena could have been partly caused by hydrodynamic processes, but biological, chemical and physical parameters suggest that to a significant extent the measured data may be attributed to biological rather than to hydrodynamic interactions (Hammer et al. 1979 , Hentzschel 1980 , Soetje & Huber 1980 , Krause & Trahms 1983 ).
The distribution of dissolved free amino acids (DFAA) and their carbon to nitrogen ratio ( U N ) looks rather heterogeneous ( Fig. Id, e ). It becomes clearer by calculating mean values of DFAA nitrogen and the corresponding C/N ratios for the water column above (mixed layer, Fig. 2a ) and below (lower layer, Fig. 2b ) the thermocline. In both layers the C/N ratios of DFAA had a steady increase from the start until the end of the bloom (May 2). Though the DFAA concentrations were relatively constant, the drastic C/N shift pointed to high amino acid turnover which lasted from April 22 to May 15. The well-balanced uptake and release processes showed significant DFAA concentration maxima only on April 22 (mixed layer) and April 28 (lower layer). It is striking that the 2 maxima (mixed and lower layer) had a dfferent amino acid composition represented by different ratios (3.16 and 3.71). The increasing ratio was mainly influenced by increasing glutamic acid and aspartic acid and decreasing ornithine, serine (above 50 m), threonine (above 50 m) and valine (below 50 m) (Tables 2 & 3) .
If selective chemical and physical processes are excluded, the increase of the C/N ratio could be caused by 3 different processes whlch in most cases are probably all involved: (l) selective uptake of low ratio DFAA by heterotrophs; (2) different excretion patterns caused by changes of the physiological state of the plankton community; (3) two or more sources, which release different (ratio) amino acids with a changing intensity.
Selective bacterial uptake was demonstrated by Gocke (1970) , Williams & Yentsch (1976) and Amano et al. (1982) . However, bacterial numbers first increased after the phytoplankton bloom (Hentzschel 1980) , and bacterial activity might not have been significant during the blooms. On the other hand, real bacterial numbers are underestimated when the CFU method is applied. Phy: total phytoplankton; Per: peridineans; Fla: phyto-flagellates. Positive correlations: (W) p = 0.01; (m) p = 0.05. Negative correlations: (t i) p = 0.01; ('7) p = 0.05. For abbreviations of amino acids see 'Materials and Methods' In the euphotic zone the major portion of plankton carbon (mean of 52 % from March 26 to May 15) was represented by diatoms ( Fig. 3b ), mainly Chaetoceros species (Gieskes & Kraay 1980) . Peridinean populations (33 %) developed earlier and were distributed down to greater depths (Flg. 3c) than diatoms. Phytoflagellates (6 %) and zooplankton (9 %) had a nearly similar distribution developing before the diatom bloom with maximum values in the upper part of mixed layer (Fig. 3d, e ) .
In Tables 2 and 3 rank correlations between biological and chemical parameters are presented for the 0 to 50 m and 60 to 150 m water column separately. For the mixed layer positive correlations existed between the total phytoplankton biomass and its 3 main groups the diatoms, peridineans and flagellates, but not between the groups themselves. Also zooplankton showed correlations with peridineans as well as flagellates. Particulate nitrogen (Fig. 4a) was mainly produced by phytoplankton ( Fig. 3a) , especially diatoms (Fig. 3b ), and these parameters were negatively correlated with ~lltrate+nitrite ( Fig. 4b , Table 2 ).
It is obvious that the spatial and temporal distnbution of individual amino acids ( Fig. 4f to p) succession that was comparable to the plankton situation ( Fig. 3) . Dlatoms were correlated positively with glutarnic acid, aspartic acid and leucine, and negatively with ornithine and serine; peridineans negatively with threonine; flagellates positively with ornithine and lysine; and zooplankton positively with ornithine, lysine and aspartic acid ( Table 2 ). The CIN ratio of DFAA, representing the composition of all individual amino acids, showed positive correlations only with the diatoms (Fig. 3b & 4e) . Interrelations with other members of the plankton community were not significant. Selective DFAA uptake by phytoplankton has often been reported (Wheeler et al. 1974 , Lu & Stephens 1984 , Admiraal et al. 1984 , Flynn & Syrett 1986a . Uptake is controlled by different carrier systems which can be partly activated by nitrogen and/or carbon depletion and reduced photosynthesis (darkness) (Bonin & Maestrini 1981 , Wheeler 1983 , Flynn & Syrett 1985 . For example, Nitzschia ovalis could be shown to have at least 3 amino acid uptake systems which are specific for the transport of acidic, polybasic and neutral amino acids. While the polybasic amino acid carrier system is present throughout all phases of growth, neutral and acidic amino acids are taken up only during nitrogen depletion (North & Stephens 1972) . Since the uptake systems may differ among the species, the momentary DFAA composition will enhance the development of particular components of the plankton community. But most of the uptake experiments were performed under laboratory scale in which high concentrations were often supplied. There is also some evidence for uptake by nearshore marine phytoplankton (Lu & Stephens 1984 , Admiraal et al. 1984 . DFAA concentrations during FLEX were very low ( Fig. 4d) , which is typical for the open sea, and there is considerable doubt if under these conditions phytoplankton plays a significant part in DFAA turnover (Paul 1983) .
From the highly significant negative correlation of the DFAA C/N ratio with nitrateSnitrite ( Fig. 4b, e , Table 2 ) the increasing DFAA C/N ratio in the mixed layer could be explained by an adaption of the diatoms to the exhausted inorganic nitrogen source keeping nitrogen losses at a low level during DFAA exudation. Exudation or excretion of DFAA from healthy phytoplankton has been controversial for a long time (Fogg 1977 , Sharp 1977 , Mague et al. 1980 , Fogg 1983 . When using monocultures of the diatom Thalassiosira rotula in large enclosures to simplify the natural system (Brockmann et al. 1977 ), a comparable shift in the DFAA C/N ratio occurred. The time courses of changes in particulate nitrogen, nit-rate+nitrite, DFAA and C/N ratio of DFAA are presented in Fig. 5 . Experimental conditions as well as formation of inlvidual amino acids, cell counts, bacteria etc. were described previously (Hammer & Eberlein 1981) . Unlike the natural system (FLEX), in which the DFAA CIN ratio started at about 3.0, the enclosure was fllled with June waters whichprobably after phases of previous biological productivityalready contained high C/N ratio amino acids, but at low concentrations (Fig. 5b) . During the early exponential growth of T. rotula these low initial concentrations of high ratio DFAA were successively overlaid by low ratio amino acids, released by the diatoms. The result was an increase in concentration and a reduction of the ratio. During the later part of the bloom there was a slow ratio shlft to higher values. The increasing DFAA (Fig. 5b) showed strong short-term fluctuations as a result of release and uptake processes. In the case of inchvidual amino acids with a ratio of 4.0 or less the release intervals were proved to be linked to the synchronized physiological state of the diatoms . Negative correlation (p = 0.01) between DFAA short-term release and CIN ratio becomes evident, if one compares the rates per hour (Fig. 6 ). From these facts we assume that amino acids excreted by T. rotula during the synchronized release OFAA -N nmoi dm=Ih" phases must have a low C/N ratio. Comparable results were reported from axenic batch cultures of the diatom Chaetoceros debilis during different growth phases (Poulet & Mahn-Jezequel 1983) . The proportions of several amino acids changed according to the development of the diatoms. From the data set a shift of the DFAA C/N ratio from 3.24 to 3.81 can be calculated for the exponential to the stationary growth phase (phe + N a was not taken into consideration because of incomplete separation).
'Sloppy feeding' by zooplankton may also be responsible for the release of DFAA into the seawater (Mopper & Linroth 1982) . During FLEX zooplankton carbon made up 8.7 % of the total plankton carbon. The DFAA C/N ratio was not correlated with zooplankton, but aspartic acid, lysine and, with hlgh significance, ornithine showed positive correlations Fig. 6 . Enclosed culture of Thalassiosira rotula. Concentration changes of dissolved free amino acid nitrogen (DFM-N) (-) and carbon to nitrogen ratio ( U N ) of DFAA (---) (presented inversely) computed as rates per hour (Table 2) . The presence of ornithine may indicate digestion of proteinaceous material by zooplankton (Williams & Poulet 1986) . But ornithine could also be derived from the algal exoenzyme arginase activity on arginine as suggested by Degens (1970) . Negative correlation with diatoms supports this assumption (Table 2) . Table 4 gives a short review of C/N ratios calculated from literature amino acid data which may be representative for different sources of DFAA. The upper part shows the ratio of monomeric acids as cell-content of mixed phyto-and zooplankton populations at different seasons and in different waters. The ratio for amino acid extracts from cell water of Phaeodactylum tn'cornutum is also given. The ratio of all these cell-pool amino acids seems to be relatively constant at about 3.0. The lower part of Table 4 shows ratios for total amino acids, of which the main part are peptid bound amino acids from cell proteins. In all these cases the ratio is at a higher level (3 3.6). Thus during exponential growth the low ratio of extracellular DFAA was the result of a liberation from an intracellular amino acid pool rather than from proteolytic activity on dead proteinaceous material.
Diatoms are characterized by a relative abundance of serine compared to other phytoplankton species (Chau et al. 1967 , Chuecas & Riley 1969 . Therefore another possible origin of low ratio amino acids might be the synthesis of the diatom cell-wall. In the cellwall model of Hecky et al. (1973) , the silica frustule is connected to a protein template, which would be distinguished by its high serine content and further by threonine and glycine. One can assume that part of these low C/N ratio amino acids might be lost during the synthesis of the cell-walls.
Summing up, a C/N ratio shift of DFAA can be interpreted in the following way: the free amino acid pool in the algae has a ratio of about 3.0. During high productivity extracellular release from phytoplankton is a nornlal physiological process (Smith et al. 1977 , Mague et al. 1980 . Huge intracellular amino acid pools can be accumulated and used for osmoregulation in phytoplankton (Ahmad & Hellebust 1984) . If, as a consequence of large productivity, the intracellular pool overflows, excretion as a bypass reaction may become necessary in order to balance the osmotic pressure of the cell . Intracellular DFAA pools in phytoplankton are species and nutrient dependent and can vary between 0.9 and 26.4 % of the particulate nitrogen. Depletion of inorganic nitrogen nutrients reduces the internal DFAA pool (Dortch et al. 1984) as well as synthesis of cell-wall material. In consequence, emission of low ratio amino acids decreased. After this phase of exudation first decay processes became more significant resulting in progressive proteolytic liberation of amino acids which have a higher C/N ratio (Table 4 ).
During the FLEX phytoplankton bloom the DFAA maximum had a C/N ratio of 3.16 in the mixed layer. This maximum occurred in the first part of the exponential growth phase and can be interpreted as an exudation maximum (Fig. 2a) . The increasing C/N ratio which appeared later indicated that release from decay processes now became dominant in the mixed layer. This was supported by the positive correlation with particulate nitrogen (Table 2 ).
In the lower layer the situation was different: hcl o CI slight increase of particulate material occurred during the bloom around April 26 (Fig. l a , c) . The bulk of these substances was probably involved in sedimentation processes. Between April 19 and May 2, an estimated 28 % of the daily flux of phosphate into particu-late material accumulated in the lower layer . Davies & Payne (1984) calculated about 35 % of primary production as flux into the sediment between April 24 and May 19 and they found a large settlement of diatoms in their sediment traps immediately after the spring bloom (up to 40 % of the sediment on May 2). Increase of nitrate + nitrite (Fig. lb) and a positive correlation of ammonia with particulate nitrogen and C/N ratio (Table 3) can be attributed to enhanced microbial activity on particulate material in the lower layer. The DFAA reached maximum concentrations during the late exponential growth phase (April 28; Fig. 2b ). A C/N ratio of 3.71 supports the suggestion that these amino acids were originated by decay processes on particulate nitrogen (Table 3) . Correlations between phytoplankton and amino acids were not significant in this layer.
CONCLUSION
The concentrations of dissolved free amino acids (DFAA) are relatively low in seawater, althoughbecause of their high turnover ratesthey play an important role in nutrition of marine ecosystems. The purpose of this study was to demonstrate that in spite of the high variability of individual amino acids in seawater some general aspects can be found. Calculation of the DFAA C/N ratio from the different individual amino acids indicated that successions of these substances were well subordinated to a continuously increasing C/N ratio in the course of diatom blooms. This ratio shift was suggested to be the result of different release mechanisms according to the physiological state of the plankton. It is obvious that, in spite of relatively constant DFAA concentrations in natural plankton ecosystems, phytoplankton blooms leave their 'finger prints' in the form of specific patterns of organic compounds distributed over the water column. These 'finger prints' still exist when the producing organisms have gone. Further investigations should be made in detecting inter-relations between biological succession and 'succession' of individual organic compounds during plankton blooms.
